Introduction
Copper-tin-zinc (Cu-Sn-Zn) ternary alloy has attracted tremendous research interests due to its unique properties, including gorgeous color, high corrosion resistance [1, 2] , remarkable solder ability [3] [4] [5] [6] and good electrical conductivity. Cu-Sn-Zn alloys have been fabricated by different methods, such as melting [7] [8] [9] [10] [11] , powder metallurgy [12] and electrodeposition [13] [14] [15] [16] . Among these methods, electrodeposition is an effective method to fabricate Cu-Sn-Zn coatings [17, 18] because of its simple process and high environment adaptability. In addition, the properties and color of coatings can be easily controlled by adjusting the plating parameters. The plating bath of Cu-Sn-Zn coatings mainly includes alkaline cyanide solution and acid sulphate solution. The cyanide solution is the most common bath used in the electronic applications, while the environmentally-friendly acid sulphate bath is widely adopted for decorative purpose.
Comparing with the Chromium (Cr) [19] or Nickel (Ni) [20, 21] , which are the mostly used coating, Cu-Sn-Zn coating possesses a relatively soft hardness. In order to improve the mechanical properties and explore the application of Cu-Sn-Zn coatings, the preparation of Cu-Sn-Zn based nano-composite coatings, i.e., incorporating the second phase or other nanoparticles into coating matrix, could be a potential solution [20] [21] [22] [23] .
It is well known that if nano-sized particles such as oxides, carbides and polytetrafluoroethylene highly disperse into Cu-Sn-Zn coating matrix, the properties especially mechanical strength will be improved dramatically. The corresponding strengthening mechanism can be attributed to the grain refinement and dispersion strengthening.
An ideal Cu-Sn-Zn coating prepared for decoration field should have a long service life so both wear resistance and corrosion resistance should meet certain design requirements. Among various reinforcement choices, TiO2 was selected due to its encouraging effect on microstructural, hardness, wear resistance and corrosion resistance of Ni-P coatings [21] . Furthermore, the preparation of TiO2 added Cu-Sn-Zn coatings via environmentally-friendly acid sulphate bath have not been studied. In the present research, a systematic study of Cu-Sn-Zn-TiO2 nano-composite coatings (with a TiO2 concentration of 0-5 g/L) has been conducted. The influences of TiO2 nanoparticles concentration on the microstructure, mechanical properties and corrosion resistance were discussed.
Experimental details

Sample Preparation
All the coatings were electroplated onto the hot-dipping galvanized mild steel substrates (0.2×20×30mm
3 ). The substrates were first dipped into a HCL solution (>10%) for 5 mins at room temperature to remove the covered Zn layer. The specimens were electroplated after rinse thoroughly by distilled water.
The electroplating system contains a mild steel sample as the cathode and a Cu plate as the anode. The bath composition and plating parameters are given in Table 1 . The basic Cu-Sn-Zn plating bath was prepared using Sigma analytical grade reagents. The PH value of bath was adjusted to 8.6 (±0.2) by H2SO4 or KOH. TiO2 powder with an average diameter of 10 nm was added into the electrolyte bath. The bath solution was continuously stirred at a rate of 300 rpm for 20 min by magnetic stirring in order to achieve a good suspension. Six different concentrations of TiO2 powders between 0 and 5 g/ L were selected in order to achieve the best properties. For easy description, Cu-Sn-Zn-x TiO2 is adopted to represent the coatings containing different TiO2. Pure
Cu-Sn-Zn coatings were also prepared by direct deposition under the same conditions for comparison purpose.
Sample Characterization
The phase structure and preferred orientation of coatings were determined by X-ray . The morphology of as-deposited surface and composition of coatings were analyzed using a Zeiss field emission scanning electron microscope (Gemini SEM 300, Zeiss, Germany). The samples were cold mounted using Epoxy resin (ration of resin: hardener, 3:1) to obtain the cross-section images. The backscattered electrons were analyzed with a solid state detector to examine the interface between the substrate and coatings.
Vickers microhardness tests were conducted using a load of 50 g with a holding time of 15 s. The hardness values were calculated based on 10 measurements. Each indents were carried out on the surface with sufficient space between indents to eliminate the residual stress. The indent will cover a large region, i.e., over 20 μm 2 so the average properties within a large region will be obtained from microhardness test and the indentation surface roughness could be ignored because of the indentation depth [24] [25] [26] [27] . The tribological properties of the coatings were tested using a micro-tribometer (UMT-2, CETR, USA) in air at room temperature, relative humidity of ~50% and under dry, non-lubricated conditions. The samples were tested linearly and a steel ball with a diameter of 9.58 mm was used as the counter surface. The load and total sliding distance of each wear test were set to 3N and 3m, respectively. The sliding wear test was conducted three times for each sample. The wear track images of coatings were observed by a high-resolution optical microscope.
The corrosion resistance of coatings were measured by an electrochemical workstation (CS2350, CorrTest, China). All corrosion tests were performed at room temperature . The corrosion current density and corrosion potential were determined based on Tafel's extrapolation. All the corrosion tests were performed at ambient temperature in 3.5 wt.% NaCl solution.
Results and discussion
Phase Structure of Coatings
The X-ray diffraction patterns of Cu-Sn-Zn-x TiO2 (x=0, 1, 2, 3, 4 and 5 g/L) nanocomposite coatings are shown in Fig. 1 . It can be observed that all the XRD patterns imply four prominent peaks which corresponding to the Cu0.6Sn0.1Zn0.3 according to the phase identification. The peaks at 25.4° can be assigned to (101) plane of anatase, indicating that the TiO2 nanoparticle was incorporated into the coatings. There was no TiO2 peaks can be detected in Cu-Sn-Zn-1g/L TiO2 and Cu-Sn-Zn-2g/L TiO2 coatings due to the low quantity of TiO2 particles and high intensity of other diffraction peaks. the cross-section which probably due to their small size and relatively low content. This phenomenon is consistent with the XRD analysis as shown in Fig. 1 and Fig. 2(b) . Fig. 4 shows the correlation between the microhardness of Cu-Sn-Zn-TiO2 nanocomposite coatings and TiO2 concentration in the bath. Initially, the microhardness of pure Cu-Sn-Zn coating was ~330 HV50, much higher than the hardness of mild steel substrate, ~110 HV50. Also, the small hardness deviation indicates a homogenized microstructure was prepared in the current method. With the 1g/L addition of TiO2 nanoparticles to the bath, the hardness of Cu-Sn-Zn-1g/L TiO2 coating reaches to the peak value, ~382 HV50. Compared to the initial Cu-Sn-Zn coating, the hardness increased ~16%. The improvement of microhardness was attributed to the highly dispersed TiO2 nanoparticles in the Cu-Sn-Zn matrix as shown in Fig. 2b and 3b. The introduced nanoparticles will increase the local dislocation density and refine the grain size. Also, the pinning effect of these nanoparticles will block the movement of the dislocations so as to raise the yield strength or the hardness of the coatings [28, 29] .
Surface Morphology and Cross-Section of Coatings
Microhardness and Wear Resistance of Coatings
However, higher TiO2 concentration in the bath did not raise the hardness of the coatings. The microhardness of the coating was reduced to ~333 HV50, ~325 HV50, and ~320 HV50 with 2g/L TiO2, 3g/L TiO2, and 4g/L TiO2, respectively. The microhardness was reduced to ~300 HV50 for Cu-Sn-Zn-5g/L TiO2 coatings. Too many particles will easily lead to agglomeration and voids between particles were generated in the deposition processing as the highlighted spots shown in Fig. 2 
(c), (d), (e), and (f).
Those voids could significantly reduce the hardness. Hence, the competition between particles dispersion hardening and possible voids among particles determine the final hardness of the nano-composite coatings.
The wear resistance abilities of the three nano-composite coatings were tested and compared. In the dry sliding wear test, a higher hardness value brought a smaller contact area between coatings and the steel ball. So different wear tracks, 391 µm, 265 µm, and 516 µm, were observed in Cu-Sn-Zn, Cu-Sn-Zn-1g/L TiO2, and Cu-Sn-Zn-5g/L TiO2, respectively, as illustrated in Fig.5 . The correlation between the width of wear track and hardness is quite clear. Meanwhile, different surface morphologies after wear test are observed for the three coatings because of different microstructures. Significant plowing lines and several wear debris on the worn surface were observed in Fig.5 (a) .
The matrix of the current Cu-Sn-Zn coating is dominant by Cu0.6Sn0.1Zn0.3, which would be quite stiff. So the main wear mechanism of Cu-Sn-Zn coating is adhesive wear, which is quite common among electroplated metallic coatings [30] [31] [32] . After adding 1g/L TiO2 sol into the plating solution, the contact area in the wear test reduced a lot and the plough-lines became much shallower and more uniform than the Cu-SnZn coating. In addition, the wear debris was not observed in Fig.5 (b) . The different surface morphologies demonstrated the reinforcement effect of nanoparticle: the embedded TiO2 nanoparticles would polish the frictional surface, and homogenize the contract stress distribution between the frictional counter bodies during the wear process. With more TiO2 sol into the plating solution, the voids among particle clusters raised the contact area very much. Thicker and deeper plowing lines were observed in , respectively. According to the Archard's law, the volume loss during sliding wear is inversely proportional to the material hardness and proportional to the friction coefficient [33] [34] [35] [36] . Because of the similar surface roughness in the current study, the friction coefficient of different coatings are quite similar. Thus, the volume loss among different coatings would directly reflect the differences between hardness. It should be noted that the Vickers hardness test would penetrate the coating-substrate system for over 5 µm under 50 g load which has already exceeded the 10% thickness of the coating [23, 37, 38] . On this condition, the soft mild steel substrate has affected the hardness values. The actual hardness difference between Cu-Sn-Zn-1g/L TiO2 and Cu-Sn-Zn should be much more than 16% if the substrate effect was removed. Hence, indentation study with penetration depth less than 1 µm will be conducted in the future. 
Corrosion Resistance of Coatings
Conclusions
Cu-Sn-Zn-TiO2 nano-composite coatings were produced by electrodeposition method using acid sulfate bath. Their microstructure, mechanical properties and corrosion resistance were systematically investigated. Proper inclusion of TiO2 nanoparticles into Cu-Sn-Zn matrix provides a decent strengthening effect and significantly improves the properties of coatings. Compared to the pure Cu-Sn-Zn coating, the microhardness of Cu-Sn-Zn-1g/L TiO2 coating was increased by ~16%. Meanwhile, the corresponding wear resistance and corrosion resistance have also been greatly enhanced. Future study will focus on developing new Cu-Sn-Zn based nano-composite coatings by reducing the agglomeration of particles in the deposition process to prepare densified coatings.
Meanwhile, the composition optimization and more characterizations methods, i.e., high-resolution transmission electron microscopy (HRTEM) [22, 23] , resonance ultrasound spectroscopy [39] [40] [41] , etc., will be attempted to better understand its microstructure. Tables   Table 1 Bath composition and processing 
